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ABSTRACT
Staphylococcal chromosome cassette mec (SCCmec) elements within major lineages of healthcare- and
community-associated methicillin-resistant Staphylococcus aureus (MRSA) clones were characterised
using intra-SCCmec multilocus sequencing. A strong correlation was observed between sequence- and
PCR-based typing methods (p <0.001). However, phylogenetic analysis of the SCCmec locus using
concatenated sequences evidenced few recombination events. Sequence type (ST)-SCCmec1 was found in
SCCmec elements types I and IV, suggesting the evolution of an SCCmecI element into an SCCmecIV
element. This coincided with the spread of the clone harbouring this SCCmec element into the community.
No correlation was observed between ST-SCCmec lineage and MRSA lineage, confirming multiple
acquisitions of SCCmec by S. aureus. This was exemplified by the SCCmecIV ST-SCCmec10 element, which
was detected in all of the clonal complexes examined, including healthcare- and community-associated
MRSA. The acquisition of this SCCmec element was five- to ten-fold more common than that of others.
Models of MRSA clone evolution suggest that this SCCmec was first found in the paediatric clone.
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INTRODUCTION
Staphylococcus aureus is an important human
pathogen that causes a wide variety of commu-
nity- and healthcare-associated infections [1]. This
Gram-positive bacterium has a proven ability to
adapt to the selective pressure of antibiotics.
S. aureus was initially methicillin-sensitive, but
strains resistant to this antibiotic were isolated
soon after its introduction [2]. Methicillin-resist-
ant S. aureus (MRSA) was recovered initially from
hospitals and nursing homes, but has recently
emerged in the community [3]. MRSA is now a
worldwide health problem.
S. aureus becomes resistant to methicillin fol-
lowing acquisition of the methicillin resistance
gene mecA [4]. This gene is carried on a mobile
genetic element, the staphylococcal chromosome
cassette mec (SCCmec) [5], and it is believed that
mecA was acquired originally from a distantly
related species [6]. SCCmec comprises a group of
mobile DNA elements, 21–67 kb in size, which are
integrated into the S. aureus chromosome at a
unique site, attBscc, in an open reading frame
(ORF) of unknown function (orfX) which is near
the origin of replication [7]. To date, five different
SCCmec types have been characterised in S. aureus
[8–10]. All SCCmec types contain specific DNA
fragments that are used for their classification, and
two gene complexes: the mec gene complex and
the ccr gene complex. All mec complexes contain
the mecA gene, a copy of IS431 and, when present,
complete or truncated mecA regulatory genes, mecI
and mecR1, and two adjacent ORFs. In the five
SCCmec types, the mecA gene, the untruncated
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region of mecR1 and the ORFs are highly con-
served, with almost identical sequences (>99%
sequence homology). The ccr complex consists of
the ccr genes, ccrA and ccrB, in combination
(ccrAB) in SCCmecI–IV, or ccrC alone in SCCmecV,
as well as four adjacent ORFs. All these genes
show interesting diversity, with sequence identity
varying from 41% to 97% between SCCmec types.
The remainder of the SCCmec element, i.e., outside
the mec and ccr complexes, contains genes that are
considered non-essential for methicillin resistance
and SCCmec excision and transfer. SCCmec iden-
tification and typing is PCR-based, using primers
directed towards variation in the mec and ccr
complexes [11,12].
Multilocus sequence typing (MLST) has become
the most common method for examining the way
in which bacterial populations and, in particular,
bacterial clones evolve [13]. Using a high-resolu-
tion MLST method, based on the sequences of
seven housekeeping and seven surface protein
(sas) genes, Robinson and Enright [14] have pro-
posed evolutionary models that detail how MRSA
clones have evolved. However, no sequence-based
typing method that examines the SCCmec element
is currently available. Consequently, SCCmec
diversity has not been well-characterised and
there are no models of SCCmec evolution. To
address these issues, the present study describes a
multilocus typing method for SCCmec, based on
ccr gene complex polymorphisms.
MATERIALS AND METHODS
Strain selection
Previous studies have demonstrated that MRSA strains
emerged from distinct lineages of S. aureus in the hospital
and in the community [3,14]. Seventy-one of these isolates
(Table 1) were selected to represent all distinct lineages of
healthcare- and community-associated MRSA, using the CDC
definition (http://www.cdc.gov). Isolates were stored at
)80C and grown overnight on sheep blood 5% v ⁄v agar
plates at 37C. These isolates were also analysed by Robinson
and Enright [14] when formulating their proposed evolution-
ary model for the emergence of MRSA.
MLST
MLST was performed as described by Enright et al. [15]. In
brief, seven housekeeping genes were used in the scheme; for
each isolate, the alleles at each of the seven loci defined the
allelic profile, which corresponded to a sequence type (ST) and
defined a clonal complex (CC) for groups of STs that shared
five of seven alleles. ST and CC designations were those
assigned by the MLST database (http://www.mlst.net).
mecA detection and SCCmec typing
The presence of mecA was determined by PCR using primers
MR1 and MR2 to amplify a 1339-bp internal fragment of the
gene [11]. PCR comprised 30 cycles of 1 min at 95C, 1 min at
55C and 2 min at 72C. SCCmec types I, II, III, IV and V were
assigned by PCR analysis of the ccr and mec genes, as
described by Ito et al. [8,10].
Gene selection
The aim of the present study was to investigate evolutionary
relationships among SCCmec elements. Initially, an attempt was
made to select seven different genes along the SCCmec elements
in order to perform a population genetic analysis. Since the
sequences of homologous genes in the mec gene complex were
almost identical, and thus poorly informative, genes were
selected from the ccr gene complex. Only four genes were good
candidates (Table 2). These genes encoded a superfamily II
helicase-like protein (gene designated cch, for cassette chromo-
some helicase), a cassette chromosome recombinase A (ccrA), a
cassette chromosome recombinase B (ccrB) and a gene for a
conserved unknown protein (ccu). The cch and ccu genes are
located at either end of the ccr gene complex, while ccrA and ccrB
are found close to cch. The cch, ccrA and ccrB genes are present in
ccr gene complexes from SCCmecI–IV, and ccu is present in
SCCmecI–V. The DNA sequences of the genes, and the deduced
amino-acid sequences of their protein products, were aligned to
identify the most variable regions using the GenBank database
(Table 2; http://www.ncbi.nlm.nih.gov/GenBank/). Primers
were designed manually from the sequences of the highly
conserved regions that flanked the most variable regions
(Table 3). Each primer pair amplified an internal fragment of
the gene (371–513 bp) and permitted accurate sequencing of
fragments of the same size on both strands.
Amplification and nucleotide sequencing
DNA was isolated using a DNeasy kit (Qiagen, Crawley, UK),
and was then used as an amplification template with the
primers (MWG, Ebersberg, Germany) described in Table 3.
Thermal cycling conditions comprised 5 min at 94C, followed
by 35 cycles of 30 s at 94C, 30 s at 55C and 45 s at 72C,
followed by 10 min at 72C. PCR products were analysed by
electrophoresis on agarose (Sigma, Gillingham, UK) 1% w ⁄ v
gels. Amplified products were precipitated with polyethylene
glycol 20% w ⁄v plus 2.5 M NaCl, and were then resuspended
in cold ethanol 70% v ⁄ v, and re-precipitated. The sequences of
both strands were determined using an ABI Prism 377 DNA
sequencer with BigDye version II fluorescent terminators
(Applied Biosystems, Warrington, UK) and the primers used
in the initial PCR amplification, as described previously [15].
The stability of the method was monitored by three serial
analyses of ten randomly selected isolates (data not shown).
Nucleotide sequence variations and phylogenetic analysis
The sequences of the four loci were determined for each
S. aureus isolate, and each locus was assigned an allelic number.
Each single-nucleotide variation was allocated a new allelic
number in the order of description, except for ccrA and ccrB 1–4,
which were designated according to their previous nomencla-
ture [10,16]. Alleles of all four loci defined the allelic profile,
which corresponded to the sequence type (ST-SCCmec).
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ST-SCCmecs were assigned arbitrary numbers in order of
description. Polymorphic sites were identified using Mega3
[17]. For each polymorphic site, synonymous and non-synony-
mous base-pair substitutions were identified, and the dS ⁄ dN
ratio of synonymous to non-synonymous base-pair substitu-
tions was calculated using the SNAP program (available at
http://www.hiv.lanl.gov/content/hiv-db/SNAP), based on
the method of Nei and Gojobori [18]. The gene sequences were
aligned with the multiple-alignment program ClustalX [19].
Phylogenetic analysis
Split decomposition analysis was performed with SplitsTrees
v.3.2 [20] using the Hamming correction and SplitDecompo-
sition. Recombinations effectively cause lineages to coalesce in
time, resulting in trees that have reticulations or a network
structure, rather than the simple branching structure seen with
most phylogenies. Split decomposition does not force evolu-
tionary relationships to be strictly bifurcating or multi-branch-
ing, but permits network relationships. A split decomposition
graph will look less tree-like and more net-like as the influence
of recombination becomes stronger.
The index of association (IA) was calculated as described
previously by Smith et al. [21], using the LIAN 3.1 program [22].
Statistical analysis
Sequence-based ST-SCCmec identification, PCR-based typing
results and MLST relationships were described on a two-by-
two basis and were validated by matched-pair analysis using
the statistical program SPSS v.12.0.1 (SPSS Inc., Chicago, IL,
USA).
Table 1. Staphylococcus aureus strains included in the study, together with their characteristics
Strain Country Origina MLSTb
Clonal
complex PCR SCCmecc cch ccrA ccrB ccu ST- SCCmec
HT20010754 USA CA-MRSA 1 1 IV 4 8 7 4 10
HT20010254, MW2 USA CA-MRSA 1 1 IV 4 5 6 4 7
HT20010637, 8 Tahiti HA-MRSA 1 1 IV 4 8 7 3 17
HT20030826, HT20050087 Australia, France CA-MRSA 1 1 V NT NT NT 9 NT
EMRSA3 UK HA-MRSA 5 5 I 1 1 1 1 1
BK2464, HT20010753,
HT20010757
USA, France HA-MRSA 5 5 II 2 2 2 2 3
Belgium97S101 Belgium HA-MRSA 5 5 III 3 3 3 3 9
HDE288, BK519, HT20030416,
HT20020212 (Pediatric clone)
Portugal, USA,
France
HA-MRSA 5 5 IV 4 8 7 4 10
HT20030749, HT20030095,
HT20030228*
France CA-MRSA 5 5 IV 1 1 1 1 1
99ST10345 Eire HA-MRSA 8 8 II 6 6 2 2 5
BK59 USA HA-MRSA 8 8 II 8 5 2 2 6
Btn1823, Btn1825 UK HA-MRSA 8 8 II 6 6 2 2 5
EMRSA2 UK HA-MRSA 8 8 IV 2 8 7 6 8
A980158, HT20020303 France HA-MRSA 8 8 IV 4 8 7 4 10
HT20020304 France HA-MRSA 8 8 IV 4 8 3 4 19
99ST22111 Australia CA-MRSA 8 8 IV 4 NT NT 7 0
HT20010251 Australia CA-MRSA 8 8 IV 6 9 3 4 20
HT20030203 Australia CA-MRSA 8 8 IV 7 8 7 3 21
HT20020279 France HA-MRSA 22 22 IV 2 8 7 5 16
98 ⁄ 10618 UK HA-MRSA 22 22 IV 2 8 7 6 8
Phenol27111 Eire HA-MRSA 22 22 IV 4 8 7 4 10
SwedenAO17934 ⁄ 97 Sweden HA-MRSA 30 30 IV 5 8 7 4 18
WG10049 Australia CA-MRSA 30 30 IV 9 7 8 4 14
WW2703 ⁄ 97 Germany HA-MRSA 30 30 IV 4 8 7 4 10
HT20020299, HT20020300,
HT20020301, BTN766
France, UK HA-MRSA 36 30 II 4 5 2 2 12
MRSA252 UK HA-MRSA 36 30 II 4 2 2 2 4
Belgium97S100 Belgium HA-MRSA 45 45 II 4 8 4 4 15
CDC8 USA HA-MRSA 45 45 II 2 2 2 2 3
Fin76167 Finland HA-MRSA 45 45 IV 5 8 7 4 18
Germany825 ⁄ 96 Germany HA-MRSA 45 45 IV 4 8 7 4 10
HT20010751 USA CA-MRSA 59 59 IV 4 8 7 4 10
Fin62305 Finland HA-MRSA 59 59 IV 4 8 7 4 10
HT20020221, HT20020213 France CA-MRSA 80 80 IV 4 8 7 4 10
HT20030058 France CA-MRSA 80 80 IV 5 8 7 8 13
HT20010634 Australia CA-MRSA 93 93 IV 4 8 7 4 10
HT20020310 Germany HA-MRSA 228 5 I 1 1 1 1 1
HT20020311, HT20020312 Germany HA-MRSA 228 5 I 1 1 5 1 2
ANS46, A6685,
A860182, HT20010531,
HT20010533, HT20020273,
HT20010528, HT20010537,
HT20020307
Australia,
France,
China,
Brazil,
Finland
HA-MRSA 239 8 III 3 3 3 3 9
HT20010550 France HA-MRSA 241 8 III 3 3 3 3 9
82MRSA Belgium HA-MRSA 247 8 I 1 1 1 1 1
A970271 France HA-MRSA 247 8 I 1 1 1 1 1
COL, EMRSA8 UK HA-MRSA 250 8 I 1 1 1 1 1
HT20020270 (archaic clone) Spain HA-MRSA 250 8 I 1 1 1 1 1
KD12719, KD6505 UK HA-MRSA 254 8 I 1 1 1 1 1
EMRSA10, Germany1442 ⁄ 98 UK, Germany HA-MRSA 254 8 IV 2 8 7 1 11
aHealthcare and community-associated MRSA origin was determined using the CDC definition (http://www.cdc.gov).
bMLST was performed as described by Enright et al. [15].
cSCCmec types I, II, III, IV and V were assigned by PCR analysis as described by Ito et al. [8,10].
NT, not typeable; CA-MRSA, community-acquired methicillin-resistant Staphylococcus aureus; HA-MRSA, hospital-acquired Staphylococcus aureus.
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Nucleotide sequence accession numbers
The sequences of all alleles of cch, ccrA, ccrB and ccu have been
deposited in GenBank (National Center for Biotechnology
Information, Bethesda, MD, USA) under accession numbers
DQ483060–DQ483093.
RESULTS
Sequence diversity
To develop a multilocus typing method that could
help to characterise the evolution of SCCmec
elements, fragments of four genes of the ccr gene
complex within SCCmec were amplified and
sequenced. PCR products were obtained for all
four gene fragments for 68 of 71 S. aureus isolates
that had been characterised previously using
MLST. The three non-typeable isolates were: (i)
one SCCmecIV ST8 isolate from Australia, which
was only positive for ccu and cch, but always
negative for ccrA and ccrB, even with low-strin-
gency PCR conditions; and (ii) two SCCmecV
isolates ST152 ⁄ 377 (one from Australia and the
other from France), which were only positive for
ccu, as expected, because cch, ccrA and ccrB are
absent from the SCCmecV element (Table 1). All
PCR products were sequenced; the sequenced
fragments were 330–420 bp in length, and the
number of alleles was 8–9 (Tables 1, 4 and 5). No
ccrA4 allele was detected. The partially character-
ised SCCmecIV ST8 isolate from Australia and the
two SCCmecV isolates had specific ccu alleles, as
shown in Table 1.
The number of polymorphic sites ranged from
132 to 171, with minimal and maximal diversity
observed in cch and ccrB, respectively (Fig. S1; see
Supplementary material). There were no prefer-
ential regions of polymorphic sites on the gene
fragments, and the percentage of informative sites
was similar in all four genes (39–42%). Various
single nucleotide polymorphisms corresponding
to single mutations were observed. However, the
Table 2. Gene candidates for developing SCCmec se-
quence typing analysis
SCCmecI
NCTC10442
(AB033763)a
SCCmecII
N315
(D86934)a
SCCmecIII
85 ⁄ 2082
(AB037671)a
SCCmecIV
JCSC1968
(AB063172)a
SCCmecV
WIS
(AB121219)a
Nucleotide
sequence
identity (%)
mec gene complex
mecR1 mecR1 mecR1 mecR1 mecR1 100b
mecA mecA mecA mecA mecA 99.9–100
CE025 CN038 CZ029 CQ005 V005 99.8–100
CE026 N039 CZ030 CQ007 V004 100
E040 N062 Z035 Q012 V003 99.7–100
ccr gene complex
E026 (cch) N031 Z004 Q003 60.9–86.1
ccrA1 ccrA2 ccrA3 ccrA2 74.2–97.3
ccrB1 ccrB2 ccrB3 ccrB2 ccrC 76.1–96.3
E031 N041 Z011 Q007 V016 57.5–86.3
E032 N042 Z013 Q008 V017 41.3–93.9
E033 (ccu) N043 Z014 Q009 V019 65.9–96.9
This table was constructed using conserved genes between SCCmecI and IV
[8,10,33] and data from GenBank.
aGenBank accession number.
bComparing undeleted region.
cch, cassette chromosome helicase gene; ccu, cassette chromosome unknown gene.
Table 3. Primers used for PCR amplification
Gene
Primer
pair Oligonucleotide sequence (5¢–3¢)
Fragment
length
(bases)
cch cch-F MAATCGTGAASAWGAAGTYATTMAATGGTT 371
cch-R GCAATSATTTTBACYTSGATATGRTYATCTT
ccrA ccrA-F TCRGADAAYCARCTVAAACAAAARATCAAATG 477
ccrA-R TATAGGGRTRCARYATGTTTARCGTGAAAC
ccrB ccrB-F TATCGTAAAATAGCSAATGCAYTVAATCACAAAGG 513
ccrB-R ACTTTATCACTTTTGACAATTTCRAGTATTTG
ccu ccu-F GCTATTTACTCAAGAAAACATGGGAT 411
ccu-R GGRTTKARTGGRTGCATRATTTCATTTGT
Table 4. Nucleotide sequence variation among alleles of
genes from the ccr gene complex
Locus
Size of
sequenced
fragment
Number of
identified
alleles
Number of
polymorphic
sites
Number of
informative
sites dS ⁄ dN
cch 330 9 132 132 3.42
ccrA 366 8 147 144 5.66
ccrB 420 8 171 171 21.17
ccu 339 9 144 144 18.21
GenBank accession numbers are DQ483060–DQ483093.
Table 5. Distribution of ST-SCCmec and cch, ccrA, ccrB and
ccu alleles into SCCmec types I–V
SCCmec
type ST-SCCmec cch ccrA ccrB ccu
I 1 1 1 1 1
I 2 1 1 5 1
II 3 2 2 2 2
II 4 4 2 2 2
II 5 6 6 2 2
II 6 8 5 2 2
II 12 4 5 2 2
II 15 4 8 4 4
III 9 3 3 3 3
IV 1 1 1 1 1
IV 7 4 5 6 4
IV 8 2 8 7 6
IV 10 4 8 7 4
IV 11 2 8 7 1
IV 13 5 8 7 8
IV 14 9 7 8 4
IV 16 2 8 7 5
IV 17 4 8 7 3
IV 18 5 8 7 4
IV 19 4 8 3 4
IV 20 6 9 3 4
IV 21 7 8 7 3
IV NT 4 NT NT 7
V NT NT NT NT 9
NT, not typeable.
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presence of conserved polymorphic regions in
some of the alleles suggested that recombination
events had occurred (Fig. S1; see Supplementary
material). The dS ⁄ dN values were >1 for all four
genes, indicating that the number of synonymous
substitutions (selectively neutral) was larger than
the number of non-synonymous substitutions
(subject to positive selection) (Table 4). This sug-
gests that non-synonymous substitutions are
deleterious and have largely been eliminated.
The smallest dS ⁄ dN value was obtained for cch,
suggesting that this gene might be evolving more
rapidly than the others. The value of dS ⁄ dN for
ccrB was a quarter of that obtained for ccrA. Thus,
the two ccr genes seem to have evolved with
different evolutionary constraints, even though
they are part of the same family.
Population structure using SCCmec sequence
typing
The population structure of SCCmec was inves-
tigated by comparing the level of linkage dis-
equilibrium between the ST-SCCmec alleles,
as assessed in terms of the IA. The IA using
ST-SCCmec was 0.5286, which is significantly
different from the null hypothesis of linkage
equilibrium of loci (p 0.01). The IA for
ST-SCCmec was similar to that obtained with
MLST using the same isolates (IA = 0.5377;
p 0.01). This suggests that even though recom-
bination has occurred in the evolution of
SCCmec, this has not been frequent, resulting
in a largely clonal population.
Phylogenetic analysis
A split decomposition graph was constructed
from the concatenated 1455 nucleotides of the
four gene fragments of the ccr gene complex of
SCCmec (Fig. 1). There was some evidence of
networking, which may reflect homoplasies
and ⁄ or recombination between ST-SCCmec. Five
major clusters were identified. Clusters B and E
were formed by singletons (ST-SCCmec9 and ST-
SCCmec19, respectively). Cluster A was formed
by ST-SCCmec1 and 2, cluster C by ST-SCCmec17
and 21, and cluster D by the other ST-SCCmec
elements. Making the assumption that all homo-
plasies reflect recombination, clusters C and E
could have arisen as the result of recombination
between ST-SCCmec elements from clusters D and
B, and D and A, respectively. Similarly, the
subgroup formed by ST-SCCmec3, 4, 6, 12 and
20 could be the result of recombination in cluster
D between ST-SCCmec5 and the other ST-SCCmec
types.
Comparison of SCCmec types and gene
sequence analysis
PCR-based SCCmec typing results were compared
with sequence-based ST-SCCmec identification
results (Table 5). SCCmecI, II, III and IV were
composed of two, six, one and 13 different ST-
SCCmec elements, respectively. SCCmecI was
either ST-SCCmec1 or 2 from cluster A, SCCmecII
was either ST-SCCmec3, 4, 5, 6, 12 or 15 from
cluster D, and SCCmecIII was ST-SCCmec9 from
cluster B. SCCmecIV showed greater diversity and
belonged to clusters A (ST-SCCmec1), C (ST-
SCCmec17 and 21), D (ST-SCCmec7, 8, 10, 11, 13,
14, 16 and 18) and E (ST-SCCmec19). A strong
correlation was observed between PCR-based
Cluster D
0.01
1 2
Cluster A
SCCmec I and IV
9
Cluster B
SCCmec III
17, 21
Cluster C
SCCmec IV
19
Cluster E
SCCmec IV
A
Cluster D
0.01
14
8, 16
13, 18
7
3, 4 10, 116
12
5 20
15
SCCmec IV
SCCmec II
B
Fig. 1. Split decomposition graph of the four gene frag-
ments of the ccr gene complex of SCCmec. (A) All isolates.
(B) Details of cluster D. The SCCmec type is added.
Clusters are circled in black. In Cluster D, SCCmecII
elements are in the grey area and SCCmecIV elements are
circled in grey.
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typing and sequence-based typing methods
(p <0.001). Notable exceptions were ST-SCCmec1,
which was found in SCCmec elements I and IV,
and SCCmecII ST-SCCmec15, which was more
similar to SCCmecIV ST-SCCmec7 than to other
SCCmecII ST-SCCmec elements (Fig. 1; Tables 1
and 5). The specificity of alleles for each gene
within SCCmec types I–IV was examined. Three
alleles of ccrA and ccu, and two alleles of cch, were
found in different SCCmec types, while only one
ccrB allele was found in two different SCCmec
types. The ccrB gene appeared to be the best target
for proposing a new sequence-based SCCmec
typing system, based on only one SCCmec gene.
Evolution of SCCmec in major MRSA clones
Correlation between S. aureus lineage and
SCCmec element ST was determined by examin-
ing the distribution of ST-SCCmecs in each MRSA
lineage. No correlation was observed between
the MRSA clonal complex and the ST-SCCmec
type (p 0.43). As shown in Table 6, various ST-
SCCmec elements were observed within the same
CC and MLST type. Moreover, when the evolu-
tionary models of MRSA [14] were compared
with the ST-SCCmec results, SCCmec replacement
by other types in different lineages was con-
firmed (Fig. 2). In CC8, SCCmecIV ST-SCCmec8
was replaced by SCCmecII ST-SCCmec5 in one
lineage, and SCCmecI ST-SCCmec1 was replaced
by SCCmecIV ST-SCCmec11 in another. In CC22,
SCCmecIV ST-SCCmec8 was replaced by
SCCmecIV ST-SCCmec10. Such SCCmec replace-
ment could have happened in CC45 and CC30,
but affiliations in these CCs were not sufficiently
clear to be certain of their origin.
Migration of the SCCmec element between
S. aureus lineages was analysed by the identifica-
tion of identical SCCmec elements (based on PCR
plus ST-SCCmec typing) in different CCs
(Table 6). Fourteen of the 20 SCCmec types were
found in only one CC; five were found in two
CCs. Most extraordinarily, SCCmecIV ST-
SCCmec10 was found in all the CCs examined
(1, 5, 8, 22, 30, 45, 59, 80 and 93).
Finally, a link between SCCmec ST and the
origin of the MRSA clones (healthcare- or com-
munity-associated) was investigated. Except for
the aforementioned SCCmecIV ST-SCCmec1, all
SCCmecIV community-associated MRSA strains
were from cluster D (ST7, 10, 13 and 14). Distri-
bution of ST-SCCmec between community- and
healthcare-associated MRSA strains did not differ
significantly (p 0.14). An identical SCCmecIV ele-
ment, ST-SCCmec10, was present in both health-
care and community MRSA strains, and this
occurred within the same genetic background in
ST59, which is a common cause of abscesses in
intravenous drug users.
Table 6. Detection of SCCmecI–IV and ST-SCCmec in the
major MRSA clonal complexes
SCCmec ST-SCCmec
No. of isolates in each Staphylococcus aureus clonal
complex
1 5 8 22 30 45 59 80 93
I 1 2 8
I 2 2
II 3 3 1
II 4 1
II 5 3
II 6 1
II 12 4
II 15 1
III 9 1 10
IV 1 3
IV 7 2
IV 8 1 1
IV 10 1 4 7 1 1 1 2 2 1
IV 11 2
IV 13 1
IV 14 1
IV 16 1
IV 17 1
IV 18 1 1
IV 19 1
IV 20 1
IV 21 1
ST22
ST8-SCCmec IV
98/10618
ST22
ST10-SCCmec IV
EMRSA15
ST22
MSSA
ST83
MSSA
ST254
ST1-SCCmec I
KD6505
KD12719
CC8
ST254
ST11-SCCmec IV
EMRSA10
ST8
ST8-SCCmec IV
EMRSA2
ST8
ST5-SCCmec II
BT1823
CC22
Fig. 2. Proposed evolutionary model of SCCmec element
replacements in MRSA clonal complexes. The evolutionary
models of staphylococcal lineage were based on maximum
parsimony analysis of the combined sas, housekeeping
gene and spa typing results [14].
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DISCUSSION
Clones of S. aureus became resistant to methicillin
by the acquisition of a mobile genetic element
SCCmec that carries the methicillin resistance
gene. The number of novel variants of SCCmec
has increased with time [8–10,23], but little is
known about the diversity and genetic structure
of this important locus. To examine intra-SCCmec
variation, a novel multilocus typing method was
developed. Ideally, this method would have used
seven genes that form the mec and ccr gene
complexes, but previous work has shown that mec
complex genes are largely conserved and are
poorly informative [8–10,23]. Since SCCmec iden-
tification is based on variation in the mec and ccr
complexes, candidate genes were selected from
the other conserved part of SCCmec, i.e., the ccr
gene complex. Only four genes were good candi-
dates within the ccr gene complex. These com-
prised two cassette chromosomal recombinase
genes, ccrA and ccrB, and two putative genes
located at each extremity of the complex, cch and
ccu. Using these targets, SCCmec diversity was
investigated in a collection of 71 isolates that
represented the major lineages of healthcare- and
community-associated MRSA.
Among these isolates, it was possible to
sequence-type most of the SCCmec I–IV elements.
There were high numbers of polymorphic sites in
each of the four genes studied. All ST-SCCmec
elements studied fell into 21 different ST-SCCmec
types. One SCCmecIV element was negative for
ccrA and ccrB, and had a novel ccu allele found
otherwise only in SCCmecV. This SCCmecIV may
be a novel SCCmec type that could be a hybrid
between the SCCmecIV and SCCmecV elements.
SCCmecII, and especially SCCmecIV, showed
higher diversity amongst ST-SCCmec types.
Interestingly, a strong correlation was observed
between ST-SCCmec and PCR-based SCCmec typ-
ing. This suggests that SCCmec elements are made
up of disparate and inconstant genes (transpo-
sons, IS elements, resistance genes and unknown
ORFs). The crr complex sequence was strongly
related to the type of SCCmec. Thus, sequences
derived from the ST-SCCmec appeared represen-
tative of the sequence of the entire SCCmec
element, and could be used to infer SCCmec
evolution.
An interesting exception to this correlation was
the presence of ST-SCCmec1 in SCCmec I and IV.
The archaic clone, which is SCCmecI ST-SCCmec1
(Table 1), was the first MRSA clone described in
the 1960s [2], while the SCCmecIV ST-SCCmec1
clone was discovered only recently [25]. SCCmec I
ST-SCCmec1 may be the parent of SCCmecIV ST-
SCCmec1. The molecular mechanism responsible
for transforming this SCCmecI to an SCCmecIV is
unknown, but could be a genetic excision. It is
possible that this event could have occurred in the
ST5 S. aureus background or via Staphylococcus
epidermidis strains, as suggested by Wisplinghoff
et al. [25]. The evolutionary constraints that
induced such selection are also unknown. The
new SCCmecIV ST-SCCmec1 clone is responsible
for both community- and healthcare-associated
infections [24], while all other SCCmecI ST-
SCCmec1 clones are only responsible for health-
care-associated infections [14]. Additionally, most
MRSA clones responsible for community-associ-
ated infections belong to SCCmec type IV [3]. It is
tempting to hypothesise that ST-SCCmec1 has
evolved from SCCmecI to IV, thereby enabling a
widening of its host range from the hospital to the
community.
Phylogenetic analysis of SCCmec was conduc-
ted using concatenated sequence data from the
four gene fragments. Split decomposition analy-
sis showed that most of the SCCmec elements
were correctly regrouped in accordance with
their SCCmec type (I–IV). The two exceptions
were SCCmecIV ST-SCCmec1, which grouped
with an SCCmecI ST-SCCmec2 element, and
SCCmecII ST-SCCmec15, which grouped with
the SCCmecIV elements. The similarity of ST-
SCCmec sequences in different SCCmec types
could correspond, instead of homology, to ho-
moplasy, via either convergent evolution of genes
selected for ST-SCCmec typing (cch, ccrA, ccrB
and ccu) or secondary loss of cch-, ccrA-, ccrB- or
ccu-flanking genes targeted during SCCmec PCR-
typing. Analysis showed some networking for
SCCmecII and IV, which may reflect recombina-
tion. Pairwise comparisons between sequences
and concatenated sequences showed close nuc-
leotide changes between alleles that could cor-
respond to recombination or conversion (Fig. S1;
see Supplementary material). Redistribution of
genes that comprise the ccr gene complex
between the SCCmec elements was also observed
(Tables 1 and 5). In contrast to these results, the
level of linkage disequilibrium between ST-
SCCmec alleles suggests that the population
Lina et al. Evolution of Staphylococcus aureus SCCmec elements 1181
 2006 Copyright by the European Society of Clinical Microbiology and Infectious Diseases, CMI, 12, 1175–1184
structure of SCCmec is largely clonal [21]. This
probably highlights the fact that the initial stages
of SCCmec diversification appear to be driven
predominantly by point mutation rather than
recombination.
No correlation was found between ST-SCCmec
and MRSA lineage. Different ST-SCCmec elements
were observed in the same MRSA clonal complex.
The results of the present study confirm that
MRSA has arisen on multiple occasions within
successful lineages by the acquisition of different
SCCmec elements [14], as many as ten times
within CC8 and five times within CC5. Different
ST-SCCmec elements were observed even in the
same MRSA lineage. Some of this variation
corresponds to simple point mutations without
SCCmec type modification, as observed for MRSA
ST228 and ST22. However, in CC8, SCCmec I ST-
SCCmec1 has been replaced by SCCmec IV ST-
SCCmec11, and SCCmecIV ST-SCCmec8 by
SCCmecII ST-SCCmec5. Potentially, SCCmecIV
replacement by SCCmecII has also occurred in
MRSA CC30 and ST45. One hypothesis is that
different SCCmec types entered a similar back-
ground strain independently. Another possibility
is that a particular SCCmec element can be
replaced by another, as suggested by Enright
et al. [26]. The selection that occurred for such a
substitution could be the acquisition of new
antibiotic resistant genes, and this is possibly
the case for the replacement of SCCmecIV by
SCCmecII [8,9]. It is less clear why SCCmecI was
exchanged for SCCmecIV. One working hypothe-
sis is that the acquisition of SCCmecIV provides
new physiological characteristics, and possibly its
smaller size reduces the fitness costs associated
with the larger SCCmec elements [27]. These
observations suggest that different SCCmec types
confer different fitness characteristics.
The relationship between ST-SCCmec and indi-
vidual MRSA clonal complexes was also exam-
ined. Some ST-SCCmec types were detected in
only one CC, whereas others were found in
multiple CCs. Intriguingly, SCCmecIV ST-
SCCmec10 was detected in all of the different
MRSA clonal complexes examined. This SCCmec
was detected even in two different lineages of
MRSA CC22 and ST59. SCCmec diffusion within
S. aureus clonal complexes is therefore not homo-
geneous, and differs even within SCCmecIV ele-
ments. SCCmecIV ST-SCCmec10 appears to be the
most promiscuous SCCmec. The acquisition of this
particular SCCmec element by S. aureus occurred
five- to ten-fold more frequently than acquisition
of the other elements. It was detected in both
healthcare- and community-associated MRSA.
SCCmecIV ST-SCCmec10 was observed in health-
care and community lineages of MRSA ST59,
while community-associated MRSA strains carry
SCCmecIV from other ST-SCCmec elements. The
oldest MRSA clone that acquired SCCmecIV ST-
SCCmec10 is the paediatric clone (Table 1), which
was described first in 1993 [28], almost 5 years
before the emergence of community-associated
MRSA [3] and the description of other healthcare-
associated SCCmecIV ST-SCCmec10 MRSA clones
[14]. It is tempting to speculate that SCCmecIV ST-
SCCmec10 has spread from the paediatric clone to
other clones, and in particular to community-
associated MRSA SCCmecIV ST-SCCmec10, since
both clones colonise and infect the paediatric
patient [28,29].
The main limitation of this work concerns the
assumption that the SCCmec element has only
evolved within the species S. aureus and SCC
elements harbouring mecA. It has been shown
that the SCCmec element is present in many
other Staphylococcus spp., e.g., S. epidermidis
[25,30] and Staphylococcus haemolyticus [31], and
that SCC complexes without the mecA gene have
existed previously [16,32]. Strictly, the model of
SCCmec evolution proposed in the present study
should be confirmed using isolates of S. aureus
and non-aureus staphylococci that are methicillin-
resistant and -sensitive. This would indicate
whether S. aureus SCCmec has also evolved
independently of mecA and ⁄ or is derived from
non-S. aureus SCC elements. Information ob-
tained by intra-SCC multilocus typing combined
with SCCmec PCR-typing could form the basis of
a new general nomenclature for SCC elements.
In conclusion, the intra-SCCmec multilocus
typing method developed in this study was
shown to correlate with PCR-based typing meth-
ods, and thus appeared to be representative of the
entire SCCmec element. SCCmec sequence typing
suggested that the SCCmec population structure is
mostly clonal; however, evidence of recombina-
tion and the multiple transfer of SCCmec within
S. aureus was detected. Most interestingly, an
SCCmecIV ST-SCCmec10 element was identified
that has spread throughout the MRSA clonal
complexes, suggesting that it is highly transmis-
sible.
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